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ABSTRACT 
An ove rv iew  i s  p resen ted  o f  t h e  NASA Lewis Research Center  f r e e - p i s t o n  
S t i r l i n g  engine a c t i v i t i e s  d i r e c t e d  toward space power. Th is  work i s  b e i n g  
c a r r i e d  o u t  under NASA's new C i v i l  Space Technology I n i t i a t i v e  ( C S T I ) .  The 
o v e r a l l  goa l  o f  CSTI 's  H igh  Capac i t y  Power element is to  deve lop  t h e  
techno logy  base needed t o  meet t h e  l o n g  d u r a t i o n ,  h i g h  c a p a c i t y  power 
requ i rements  f o r  f u t u r e  NASA space m iss ions .  The S t i r l i n g  c y c l e  o f f e r s  an 
a t t r a c t i v e  power convers ion  concept  for  space power needs. 
Discussed i n  t h i s  paper i s  t h e  comp le t i on  o f  the  Space Power Demonstrator  
Engine (SPDE) t e s t i n g  - c u l m i n a t i n g  i n  t h e  g e n e r a t i o n  of 25 kW o f  eng ine  power 
m 
d I r a t i o  o f  2.0. Engine e f f i c i e n c y  was approx ima te l y  22 pe rcen t .  The SPDE 
from a dynamica l l y -ba lanced opposed-p is ton S t i r l i n g  engine a t  a tempera ture  
v) tn 
w 
r e c e n t l y  has been d i v i d e d  i n t o  two separa te  s i n g l e - c y l i n d e r  engines,  c a l l e d  
Space Power Research Engines ( S P R E ) ,  t h a t  now serve  as t e s t  beds for t h e  
e v a l u a t i o n  o f  key  techno logy  d i s c i p l i n e s .  These d i s c i p l i n e s  i n c l u d e  
hydrodynamfc gas bear ings ,  h i g h - e f f i c i e n c y  l i n e a r  a l t e r n a t o r s ,  space q u a l i f i e d  
h e a t  p i p e  h e a t  exchangers, o s c i l l a t i n g  f l o w  code v a l i d a t i o n ,  and eng ine  l o s s  
unders tand ing .  The success o f  the  SPDE a t  650 K has r e s u l t e d  i n  a more 
a m b i t i o u s  S t i r l i n g  endeavor - t h e  des ign ,  f a b r i c a t i o n ,  t e s t  and e v a l u a t i o n  o f  
a designed-for-space 25 kW per  c y l i n d e r  S t i r l i n g  Space Engine (SSE) .  The SSE 
w i l l  o p e r a t e  a t  a h o t  meta l  tempera ture  o f  1050 K u s i n g  s u p e r a l l o y  m a t e r i a l s .  
T h i s  des ign  i s  a low tempera ture  c o n f i r m a t i o n  o f  t h e  1300 K des ign .  I t  i s  t h e  
1300 K f r e e - p i s t o n  S t i r l i n g  power convers ion  s y s t e m  t h a t  I s  t h e  u l t i m a t e  g o a l ;  
t o  be used i n  c o n j u n c t i o n  w i t h  the  SP-100 r e a c t o r .  The approach t o  t h i s  goal  
i s  i n  t h r e e  temperature s teps .  
two phases o f  t h i s  program - t h e  650 K SPDE and the  1050 K SSE. 
However, t h i s  paper concent ra tes  on the  first 
INTRODUCTION 
NASA Lewis s t a r t e d  work on f r e e - p i s t o n  S t i r l i n g  engines around 1977. 
Today, app rox ima te l y  20 p r o f e s s i o n a l s  a r e  engaged i n  f r e e - p i s t o n  S t i r l i n g  
techno logy  a t  NASA Lewis.  These f r e e - p i s t o n  p r o j e c t s  i n c l u d e  (a )  NASA's new 
C i v i l  Space Technology I n i t i a t i v e  ( C S T I ) ,  which w i l l  comprise t h e  major  
emphasis o f  t h i s  paper ,  ( b >  a NASA Lewis p r o j e c t ,  i d e n t i f i e d  as t h e  Advanced 
S t i r l i n g  Convers ion Systems (ASCS) ,  t o  deve lop  S t i r l i n g  engine techno logy  f o r  
t e r r e s t r i a l  s o l a r  energy convers ion  t h a t  i s  suppor ted by an i n te ragency  
agreement w i t h  t h e  Department o f  Energy (DOE) and Sandia N a t i o n a l  Labora to ry  
(SNL), and ( c )  a NASA Lewis S t i r l i n g  Power Genera t i ng  Sys tem (SPGS) p r o j e c t  
t h a t  i s  suppor ted by an i n t e r a g e n c y  agreement w i t h  DOE and Oak Ridge N a t i o n a l  
Labora to ry  (ORNL). 
techno logy  t o  demonstrate a system on-sun t h a t  i s  capable o f  genera t i ng  25 kW 
o f  e l e c t r i c i t y  w i t h i n  D O E ' S  long- te rm c o s t  c o n s t r a i n t s  ( R e f .  1 ) .  The SPGS 
p r o j e c t  i s  based upon t h e  s y n e r g i s t i c  c h a r a c t e r i s t i c s  between space power and 
r e s i d e n t i a l / c o m m e r c i a l  hea t  pumps. These c h a r a c t e r i s t i c s  i n c l u d e  h i g h  
e f f i c i e n c y ,  low v i b r a t i o n ,  p o t e n t i a l  f o r  l o n g  l i f e  and h i g h  r e l i a b i l i t y ,  and 
independence o f  hea t  source or f u e l .  
The ASCS p r o j e c t  i s  based upon t h e  use o f  c u r r e n t  
Due t o  a l e n g t h  c o n s t r a i n t ,  t h e  d i s c u s s i o n  con ta ined  i n  t h i s  paper w i l l  
be l i m i t e d  t o  N A S A ' s  H igh  Capac i t y  Power element whose o v e r a l l  goal  i s  to  
deve lop  t h e  techno logy  base needed t o  meet t h e  l o n g  d u r a t i o n ,  h i g h  c a p a c i t y  
power requ i rements  for f u t u r e  NASA space m iss ions .  
NEED FOR SPACE POWER 
N A S A ' s  space power techno logy  h i s t o r y  has concent ra ted  
d e l i v e r i n g  l e s s  than 10 kW, as shown i n  F i g .  1 .  The except  
on systems 
on was Sky 
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which was designed to deliver nearly 20 kW t o  the user. Power requirements of 
NASA's missions, in the past, have been met almost exclusively by photovoltaic 
(PV)  and electrochemical storage systems. Over the next several decades, the 
amount of electric power in space is expected t o  grow immensely. Tomorrow's 
space platforms will continuously require hundreds of kilowatts; and some will 
periodically consume many megawatt-hours. These space platforms will include 
manned space stations, communication stations, surveillance platforms, and 
defensive weapons. These large power systems will be quite different from 
today's solar arrays. 
These projections of space power growth tend t o  show broad trends as 
shown in Fig. 1 .  These broad trends are a direct result o f  uncertainties i n  
future mission capabilities and needs. It is, however, clear that future 
space power needs may be several orders of magnitude greater than anything 
that has been accomplished to date. 
formidable - t o  select power technologies that can meet the projected trends 
and adapt t o  multiple users. NASA Lewis, as the primary NASA center for space 
power research and technology, has contributed significantly to these 
technologies. Only recently, we have expanded our research into technologies 
which offer promise o f  hundreds to thousands of kilowatts of electrical power 
in space. 
The challenge for the space planner I s  
These expanded research areas cover a broad base of advanced technology. 
The first step toward this research and technology advancement is through 
CSTI. This 5-year technology program is the precursor t o  NASA's bold new 
missions. The resulting technology will enable and greatly enhance NASA 
missions while restoring the Agency's technical capability. The CSTI program 
not only focuses on space power but also on transportation systems, operations 
and science. CSTI started i n  1988 and will end in 1992 and at that time 
should have generated critical data from which the Agency can make decisions 
3 
on new i n i t i a t i v e s .  One space power system cand ida te  f o r  these b o l d  m iss ions  
i s  the  f r e e - p i s t o n  S t i r l i n g  eng ine .  
The f r e e - p i s t o n  S t i r l i n g  i s  a r a p i d l y  emerging techno logy  which has o n l y  
r e c e n t l y  a t t r a c t e d  cons ide rab le  a t t e n t i o n  because of t h e  success fu l  Space 
Power Demonstrator Engine (SPDE) .  A r e c e n t  s c a l i n g  s tudy  I n d i c a t e s  t h a t  i t  
may be p o s s i b l e  t o  b u i l d  a f r e e - p i s t o n  S t i r l i n g  e n g i n e l l i n e a r  a l t e r n a t o r  
system w i t h  up t o  500 kWe per  c y l i n d e r  c a p a b i l i t y .  Less than 5 years  ago i t  
was cons idered a major  achievement t o  b u i l d  and s u c c e s s f u l l y  ope ra te  a 3 kWe 
f r e e - p i s t o n  S t i r l i n g  eng ine .  
ADVANCED STIRLING TECHNOLOGY 
The Advanced S t i r l i n g  Technology p r o j e c t  i s  a s i g n i f i c a n t  segment o f  t h e  
NASA C S T I  High Capac i t y  Power e lement .  
demonstrate t h e  c a p a b i l i t y  needed t o  proceed toward development o f  space 
q u a l i f i e d  f r e e - p i s t o n  S t i r l i n g  engine techno logy  t o  m e e t  f u t u r e  m i s s i o n  
needs. A t  t h i s  p o i n t ,  a f a i r  q u e s t i o n  i s ,  "Why f r e e - p i s t o n  S t i r l i n g  f o r  space 
power?" 
severa l  o f  which a re  t a b u l a t e d  i n  F i g .  2 .  S p e c i f i c a l l y ,  t h e  S t i r l i n g  c y c l e  
has t h e  h i g h e s t  e f f i c i e n c y  f o r  t h e  same g i v e n  heat  i n p u t  and hea t  r e j e c t i o n  
temperatures.  Because the  S t i r l i n g  s y s t e m  employs t h e  gas b e a r i n g  - e i t h e r  
hydrodynamic or h y d r o s t a t i c  - t h e r e  i s  t h e  p o t e n t i a l  f o r  l o n g  l i f e  and h i g h  
r e l i a b i l i t y .  
The o b j e c t i v e  o f  t he  p r o j e c t  i s  t o  
The S t i r l i n g  f r e e - p i s t o n  sys tem has many a t t r a c t i v e  a t t r i b u t e s ,  
A S t i r l i n g  e n g i n e l l i n e a r  a l t e r n a t o r  system has o n l y  two moving p a r t s  per  
c y l i n d e r  - t h a t  i s  t h e  d i s p l a c e r  and t h e  power p i s t o n l a l t e r n a t o r  p l u n g e r .  
r e s u l t  i s  a r e l a t i v e l y  s imp le  c o n f i g u r a t i o n .  
r e c i p r o c a t i n g  components a long  t h e  same a x i s  - such as t h e  Space Power 
Demonstrator  Engine which w i l l  be d iscussed l a t e r  i n  t h i s  r e p o r t  - i s  an 
i n h e r e n t l y  ba lanced power module. 
e i t h e r  a c t i v e l y  or p a s s i v e l y  u s i n g  a spring-mass combina t ion .  
The 
An opposed-p is ton engine w i t h  
A s i n g l e - c y l i n d e r  engine can be ba lanced 
A pass i ve  
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a 
system i s  good fo r  o n l y  a narrow f requency  range;  and an a c t i v e  system which 
has a v a r i a b l e  s p r i n g  r a t e ,  p rov ides  a wide range ove r  which t h e  v i b r a t i o n  can 
be s i g n i f i c a n t l y  reduced.  
F ree -p i s ton  S t i r l i n g  engines c o n t a i n  no s l i d i n g  r o d  sea ls  such as those 
p resen t  i n  the  k i n e m a t i c  concepts.  The energy conserved by n o t  hav ing  t o  
overcome the  l o s s e s  i n  t h e  f r i c t i o n a l  r o d  sea ls  i s  n o t  t o t a l l y  w i t h o u t  c o s t .  
U n l i k e  t h e  k i n e m a t i c ,  t h e  f r e e - p i s t o n  S t i r l i n g  concept  u t i l i z e s  gas s p r i n g s  
which have h y s t e r e s i s  l o s s e s .  A t  t h e  p resen t  t i m e ,  i t  i s  n o t  known whether 
t h e  f r e e - p i s t o n  concept  o r  t h e  k i n e m a t i c  concept  i s  t he  most e f f i c i e n t ,  b u t  i t  
i s  f e l t  t h a t  t h e r e  shou ld  n o t  be much d i f f e r e n c e  betwegn t h e  e f f i c i e n c i e s  of 
the  two concepts.  The f a c t  t h a t  t h e r e  i s  no o i l  i n s i d e  t h e  eng ine  makes t h e  
f r e e - p i s t o n  a s t r o n g  cand ida te  f o r  l o n g  l i f e .  There i s  no chance of g e t t i n g  
o i l  con tamina t ion  i n t o  the  regenera to r  and degrad ing  engine per formance.  An 
opposed-p is ton f r e e - p i s t o n  S t i r l i n g  engine w i t h  a common expansion space has 
t h e  p o t e n t i a l  f o r  g r a c e f u l  deg rada t ion  i n  t h e  event  t h a t  one -ha l f  o f  t h e  
engine has l a r g e r  losses than the  o t h e r .  Both p i s t o n s  would c o n t i n u e  t o  
produce power, b u t  a t  a reduced l e v e l .  
SP-100 s y s t e m s  s t u d i e s  have been conducted t h a t  show t h e  g rowth  p o t e n t i a l  
of S t i r l i ng -space-power  convers ion  s y s t e m s  when opera ted  a t  peak tempera tures  
o f  1300 K .  
tempera ture  l e v e l s :  650, 1050, and 1300 K. The 650 K eng ine  was t h e  Space 
Power Demonst ra t ion  Engine (SPDE), t h e  r e s u l t s  o f  which a r e  p resen ted  i n  
R e f s .  2 to  6. The success o f  t he  SPDE engine was t h e  b a s i s  for a S t i r l i n g  
power convers ion  s y s t e m  t o  be des igned t o  meet space power requ i remen ts .  
des ign  w i l l  u l t i m a t e l y  be f o r  a 1300 K a p p l i c a t i o n  u s i n g  r e f r a c t o r y  me ta l s  
and/or  ceramic components. 
engine o f  t h i s  techno logy  advancement (1300 K tempera ture ,  nonconvent iona l  
m a t e r i a l s ,  and a unique t e s t  env i ronment ) ,  a lower tempera ture  concept  was 
A s  a r e s u l t ,  engine hardware demonst ra t ions  a re  p lanned a t  t h r e e  
The 
However, because o f  t h e  expense a s s o c i a t e d  w i t h  an 
chosen f o r  t h e  f i r s t  space t e s t  eng ine .  Th is  concept  uses 1050 K as the  peak 
temperature,  t he reby  e n a b l i n g  s u p e r a l l o y  m a t e r i a l s  - r a t h e r  than r e f r a c t o r y  
~ 
m a t e r i a l s  - t o  be used. Th is  eng ine  i s  c a l l e d  t h e  S t i r l i n g  Space Engine 
( S S E ) .  
Space Engine ( S S E )  from t h e  650 K SPDE. 
e x p l a i n i n g  t h e  component development work. 
m a t e r i a l s  and modest changes, t h e  two designs (1300 and 1050 K >  w i l l  be 
s im i  1 a r  . 
F i g u r e  3 i s  a f low diagram showing t h e  e v o l u t i o n  o f  a 1300 K S t i r l i n g  
T h i s  f i g u r e  w i l l  be used l a t e r  i n  
I t  i s  a n t i c i p a t e d  t h a t  except  f o r  
COMPLETION OF SPDE T E S T I N G  
I n  October  of  1986 t h e  SPDE developed 25 kW o f  engine power. A f t e r  t h i s  
success fu l  demons t ra t i on  - even though the  l i n e a r  a l t e r n a t o r  s u p p l i e d  o n l y  
17 kW o f  e l e c t r i c a l  power - t h e  eng ine  was c u t  i n  h a l f .  One h a l f  i s  
undergo ing  t e s t i n g  a t  NASA Lewis and t h e  o t h e r  h a l f  a t  t h e  c o n t r a c t o r ' s  s i t e ,  
Mechanica l  Technology I n c .  ( M T I )  i n  Latham, New York. These engines a r e  now 
c a l l e d  Space Power Research Engines (SPRE)  and serve as t e s t  beds f o r  
e v a l u a t i o n  o f  key  techno logy  areas such as l i n e a r  a l t e r n a t o r s ,  power -p is ton  
hydrodynamic gas-bear ings and heat -p ipe  hea t  exchangers as p i c t o r i a l l y  shown 
I n  F i g .  4 .  
t e s t  c e l l .  The mass a t t a c h e d  t o  t h e  engine a t  t h e  r i g h t  i n  t h e  f i g u r e  i s  a 
b a l l a s t  mass t h a t  absorbs any eng ine  unbalance. The o r i g i n a l  opposed-p is ton 
SPDE i s  i n h e r e n t l y  ba lanced and does n o t  r e q u i r e  t h e  mass. For a 
s i n g l e - c y l i n d e r  eng ine ,  depending upon whether an a c t i v e  or pass i ve  b a l a n c i n g  
system I s  employed, t h e  mass p e n a l t y  may range between 3 t o  10 p e r c e n t .  
Sunpower I n c . ,  o f  Athens, Oh io ,  s u c c e s s f u l l y  des igned,  b u i l t ,  and t e s t e d  a 
F i g u r e  5 shows one of  these SPRE research  engines i n  a NASA Lewis 
pass i ve  b a l a n c i n g  u n i t  f o r  a 1 kW f r e e - p i s t o n  S t i r l i n g  a t  NASA Lewis.  M T I  has 
a l s o  demonstrated a p a s s i v e  ba lance r  f o r  a 3 kW f r e e - p i s t o n  S t i r l i n g  engine.  
One of t h e  f irst t e s t s  t o  be conducted a t  NASA i s  t o  de termine the  amount o f  
~ -~ 
power consumed in a balanc 





ng dev ce for a single-cylinder engine which 
mass. 
c behind testing two SPRE engines is t o  increase research 
- not t o  duplicate testing. The only duplication was performance 
of each SPRE engine. Figure 6 shows some o f  the MTI acceptance 
Similar results were obtained at NASA. Engine power is shown 
as a function of piston amplitude. The total power piston stroke is twice the 
piston amplitude. 
about 20.5 percent at 5 kW t o  around 22.5 percent at 13 kW. 
of this free-piston Stirling is the engine efficiency insensitivity t o  
significant changes in engine power. 
characteristic. It is comforting t o  know that for power o r  load changes you 
are not significantly penalized by efficiency changes. 
Over the range of engine power, efficiency increased from 
A characteristic 
Most heat engines d o  not exhibit this 
In August of 1988 MTI was awarded a multi-year $15.4 million competitive 
contract t o  include the design, fabrication and testing of a 1050 K SSE. The 
1300 K engine (high temperature Stirling Space Engine, HTSSE) - connected with 
the dotted line in Fig. 3 - is not a part of the initial procurement. 
However, Fig. 3 outlines the logic used t o  proceed from a 650 K engine t o  a 
1300 K engine. The NASA SPRE engine is primarily used t o  Improve engine 
performance by identifying loss mechanisms and applying corrective action. 
Some of the losses are identified by means of conducting code sensitivity 
runs. 
and test data. In addition the NASA SPRE will be used t o  assess dynamic 
balancing for a single-cylinder engine. 
understanding of the engine losses will enhance future engine designs. 
Codes are upgraded and validated as a result of engine modifications 
Research results leading t o  a better 
MTI is working o n  component development with the other SPRE. Linear 
alternator efficiency has been upgraded from around 70 percent t o  about 
85 percent. The 85 percent has been demonstrated o n  a dynamic reciprocating 
7 
r i g .  
(nonmagnetic f o r  magnet ic  m a t e r i a l s )  thereby  r e d u c i n g  the  eddy c u r r e n t  l osses  
descr ibed i n  R e f .  6.  Nonmagnetic m a t e r i a l s  w i l l  be i n c o r p o r a t e d  i n  the  SPRE 
eng ine .  
The improvement has p r i m a r i l y  r e s u l t e d  f r o m  a m a t e r i a l s  s u b s t i t u t i o n  
A hydrodynamic gas b e a r i n g  has been s u c c e s s f u l l y  demonstrated on t h e  
power p i s t o n  o f  t h e  SPRE over t h e  range o f  o p e r a t i n g  c o n d i t i o n s .  
t he  concept  c h a l l e n g i n g  i s  t h e  l a c k  o f  exper imenta l  d a t a  whereby a r o t a t i n g  
hydrodynamic bear ing-suppor ted  p i s t o n  i s  s imu l taneous ly  r e q u i r e d  t o  
r e c i p r o c a t e  a x i a l l y  w h i l e ,  under t h e  i n f l u e n c e  of a v a r y i n g  p ressu re  g r a d i e n t  
across t h e  b e a r i n g  l e n g t h .  
f requency .  
be s t a b l e  on t h e  power p i s t o n  due to  the  s i d e  p u l l  o f  t h e  p i s t o n - p l u n g e r  
magnets. There a re  no such s t a b i l i z i n g  magnets on t h e  d i s p l a c e r  and t h e  
p r e f e r r e d  method o f  d e v e l o p i n g  a gas b e a r i n g  on t h e  d i s p l a c e r  - whether i t  be 
hydrodynamic or h y d r o s t a t i c  - i s  n o t  known a t  t h i s  t i m e .  
What makes 
R e c i p r o c a t i o n  i s  about  20 mm t o t a l  a t  about  100 Hz 
The hydrodynamic b e a r i n g  - based on e a r l y  t e s t  d a t a  - appears to  
M T I  i s  a l s o  conduc t ing  t e s t s  on v a r i o u s  r e g e n e r a t o r  c o n f i g u r a t i o n s  i n  t h e  
SPRE eng ine .  These t e s t s  w i l l  e x p e r i m e n t a l l y  e v a l u a t e  t h e  impact  on eng ine  
power and e f f i c i e n c y  and be used i n  c o n j u n c t i o n  w i t h  code p r e d i c t i o n s .  The 
n e x t  sequence fo r  t h e  M T I  SPRE - as shown i n  F i g .  3 i s  upgrad ing  t h e  c o l d  end 
o f  t h e  engine.  
mechanical i n t e g r i t y  and o p e r a t i o n  o f  t h e  c o l d  end o f  t h e  1050 K SSE engine by 
o p e r a t i n g  t h e  cold end a t  525 K. 
t h e  magnets degrade a t  t h i s  tempera ture  l e v e l  and a f f e c t  a l t e r n a t o r  e f f i c i e n c y .  
The p r i m a r y  purpose o f  t h i s  upgrade i s  t o  v e r i f y  t h e  
A second o b j e c t i v e  i s  t o  de termine whether 
The n e x t  s tep  i s  t o  r e p l a c e  t h e  650 K she l l -and- tube h o t  end o f  t h e  SPRE 
w i t h  a heat -p ipe  h e a t e r  capable o f  1050 K o p e r a t i o n .  
SPRE w i l l  have evo lved i n t o  a 1 2 . 5  kWe Component T e s t  Engine ( C T E ) .  When t h i s  
c o n f i g u r a t i o n  develops t h e  d e s i r e d  power and e f f i c i e n c y ,  i t  o n l y  need be 
sca led  up by a f a c t o r  o f  two t o  become a s i n g l e - c y l i n d e r  SSE.  
A f t e r  t h i s  upgrade t h e  
D u r i n g  the  M T I  
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upgrad ing  of SPRE, NASA w i l l  p r o v i d e  whatever techno logy  enhancements - be 
they  i n  code development or component development - t h a t  have been developed 
d u r i n g  the  course o f  SPRE upgrad ing .  Depending upon t h e  p rog ress  i n  
f a b r i c a t i n g  and j o i n i n g  some of t h e  s u p e r a l l o y s ,  t h e  CTE engine may be 
f a b r i c a t e d  from more conven t iona l  s u p e r a l l o y s  the reby  s a c r i f i c i n g  l i f e  t o  
10 000 h r  c a p a b i l i t y .  
l i f e  w i t h  h i g h  s t r e n g t h  s u p e r a l l o y s .  
However, t h e  2 5  kWe SSE w i l l  be des igned f o r  60 000 h r  
SUPPORTING RESEARCH AND TECHNOLOGY 
A s  p a r t  o f  t h e  C S T I  High Capac i t y  Power e lement ,  NASA i s  conduc t ing  
advanced S t i r l i n g  techno logy  - some o f  which i s  be ing  done in-house.  One a rea  
under c o n s i d e r a t i o n  i s  t he  S t i r l i n g  hot-end heat  exchanger. Whether t h e  h e a t  
source i s  s o l a r  or n u c l e a r ,  t h e r e  i s  a s t r o n g  p r o b a b i l i t y  t h a t  h e a t  p i p e s  w i l l  
be r e q u i r e d  to  t r a n s p o r t  heat  t o  t h e  engine heat  exchangers. C u r r e n t l y  t h e r e  
is a p a u c i t y  o f  t e s t  d a t a  r e l a t i v e  t o  l i q u i d - m e t a l  h e a t - t r a n s p o r t  s y s t e m s  
coupled t o  S t i r l i n g  eng ines .  An inexpens ive  1 kW eng ine  was des igned u s i n g  
many e x i s t i n g  components from a p r e v i o u s l y  t e s t e d  eng ine .  
i n c o r p o r a t e d  t h r e e  modular heat  exchangers w i t h  i n t e g r a l  sodium hea t  p i p e s .  
C a l c u l a t i o n s  showed t h a t  each of t h e  modules on t h i s  smal l  eng ine  would 
ope ra te  a t  the  same c o n d i t i o n s  as a s i m i l a r  t ype  heat -p ipe  module on t h e  SSE. 
To da te  t h e  hea t  p ipes  have opera ted  up t o  about  975 K w i t h  tempera ture  
v a r i a t i o n s  o f  l e s s  than 10 K and no known h e a t  p i p e  problems have o c c u r r e d .  
A l l  r e s u l t s  i n d i c a t e  t h a t  t he  hea t -p ipe  modules a re  v i a b l e  cand ida tes  for 
S t i r l i n g  cyc le  heat  exchangers. 
up t o  2 kW o f  power. 
T h i s  eng ine  
Each heat -p ipe  module was des igned t o  produce 
D e t a i l s  of t h e  hea t -p ipe  modules a r e  g i v e n  i n  Ref. 7 .  
The 1 kW heat -p ipe  S t i r l i n g  i s  shown i n  F i g .  7 .  
SSE E N G I N E  
The S t i r l i n g  Space Engine i s  an engine des 
o p e r a t i o n ,  b u t  one t h a t  w i l l  be f a b r i c a t e d  i n i t  
gn based upon even tua l  1300 K 
a1 l y  from supera l  loy m a t e r i a l s  
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and r u n  a t  1050 K t o  c o n f i r m  des ign  f e a t u r e s .  Sunpower p rov ided  t h e  i n i t i a l  
SSE conceptual  des ign.  C u r r e n t l y  M T I  i s  conduc t ing  the  p r e l i m i n a r y  eng ine  
des ign  as p a r t  o f  the  NASA-awarded, $15.4 m i l l i o n ,  4-year c o n t r a c t .  This 
1050 K engine (see Table I f o r  goa ls  and s p e c i f i c a t l o n s )  w i l l  se rve  as a 
t r a n s i t i o n  from demonstrated S t i r l i n g  techno logy  f e a s i b i l i t y  a t  650 K peak 
tempera ture  t o  1050 K .  The t r a n s i t i o n  w i l l  i n c o r p o r a t e  advanced hea t  
exchangers u s i n g  sodium hea t  p ipes .  
for t h e  p i s t o n .  
de termined.  An improved a l t e r n a t o r  des ign  w i l l  be used t o  reduce t h e  l o s s e s  
encountered d u r i n g  SPDE t e s t i n g .  The success o f  t h e  1050 K eng ine  may p l a y  an 
i m p o r t a n t  r o l e  i n  v a r i o u s  space-power programs. For example, a success fu l  
S t i r l i n g  a t  1050 K may n e c e s s i t a t e  t h a t  S t i r l i n g  be g i v e n  a c l o s e r  look for 
f u t u r e  Space S t a t i o n  m i s s i o n s .  Also, depending upon t h e  SP-100 r e a c t o r  and 
t h e r m o e l e c t r i c  c o n v e r t e r  p rog ress ,  S t i r l i n g  may deserve ano the r  look as a 
near - te rm o p t i o n  as w e l l  as a g rowth  c o n s i d e r a t i o n .  However, t h e  main t h r u s t  
o f  t h i s  work i s  t h e  techno logy  development o f  a 1300 K S t i r l i n g  eng ine .  
650 and 1050 K engines a r e  o n l y  s t e p p i n g  s tones toward t h a t  o b j e c t i v e .  
Hydrodynamic gas bear ings  w i l l  be used 
The gas b e a r i n g  method f o r  t h e  d i s p l a c e r  has n o t  been 
The 
How much progress  has been made toward enhancing t h e  techno logy  
development o f  f r e e - p i s t o n  S t i r l i n g  engines (FPSE)  f o r  space-power 
a p p l i c a t i o n ?  A p a r t i a l  answer t o  t h i s  q u e s t i o n  can be o b t a i n e d  by r e f e r r i n g  
t o  F i g .  8 .  Back i n  1983 t h e  875 K RE-1000 FPSE developed 1.5 kW/p is ton  a t  a 
s p e c i f i c  mass t o  power r a t i o  o f  280 kg/kWe. I n  1986, t h e  650 K SPDE produced 
12.5 kW/p is ton  a t  a s p e c i f i c  mass t o  power r a t i o  o f  12 kg/kWe; an improvement 
o f  more than 20 i n  s p e c i f i c  mass. And, t h e  newly p lanned 1050 K SSE w i l l  
deve lop  25 kW/p is ton  a t  a s p e c i f i c  mass o f  6 kg/kWe. Th is  improvement i s  
shown i n  F i g .  8 - b o t h  g r a p h i c a l l y  and p i c t o r i a l l y .  
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LOSS UNDERSTANDING 
I n  genera l ,  t h e  accuracy  o f  S t i r l i n g  engine computer codes i n  p r e d i c t i n g  
t h e  thermodynamic per formance o f  engines has l e f t  a l o t  t o  be d e s i r e d  - 
p a r t i c u l a r l y  codes which have n o t  been ca 
good enough t o  des ign  engines t h a t  work. 
t o  p e r f o r m  w e l l ,  expens ive  hardware mod i f  
t h e  main reasons f o r  t h i s  problem i s  t h e  
i b r a t e d .  E x i s t i n g  des ign  codes a r e  
However, i n  o r d e r  t o  g e t  t h e  eng ines  
c a t i o n s  a re  u s u a l l y  needed. One o f  
ack o f  p roper  c h a r a c t e r i z a t i o n  o f  
thermodynamic l osses  t h a t  occu r  i n s i d e  the  engine.  There i s  even much 
d isagreement  as t o  which l o s s e s  a r e  t h e  major  l o s s e s .  I n  o r d e r  t o  r e s o l v e  
t h i s  l a c k  o f  unders tand ing  and t o  genera te  more accu ra te  des ign  and 
per formance codes, a S t i r l i n g  engine loss unders tand ing  e f f o r t  has been 
s t a r t e d  by NASA Lewis t o  address c h a r a c t e r i z a t i o n  of engine thermodynamic 
l osses .  There a re  b o t h  c o n t r a c t s  and g r a n t s  i n  p l a c e  i n v e s t i g a t i n g  loss 
mechanism a reas .  Areas t h a t  have been i d e n t i f i e d  as  r e q u i r i n g  b e t t e r  
c h a r a c t e r i z a t i o n  a r e  ( a >  i ns tan taneous  heat  t r a n s f e r  r a t e s  i n  t h e  heat  
exchangers, ( b )  a d i a b a t i c  l o s s e s  - which a re  desc r ibed  as l o s s e s  due t o  m i x i n g  
o f  gases a t  d i f f e r e n t  tempera tures  and l o s s e s  which occur  when a n e a r l y  
a d i a b a t i c  volume i s  a d j a c e n t  t o  a s u r f a c e  i n  which s i g n i f i c a n t  hea t  t r a n s f e r  
occu rs ,  ( c >  f low m a l d i s t r i b u t i o n s  - d e v i a t i o n s  from one d imens iona l  f low 
r e s u l t i n g  from poor  m a n i f o l d i n g ,  ( d )  i ns tan taneous  hea t  t r a n s f e r  r a t e s  i n  gas 
s p r i n g s  and compression and expansion spaces ( t h i s  hea t  t r a n s f e r  causes a 
h y s t e r e s i s  power loss) ,  ( e )  appendix gap losses ,  ( f>  n e t  energy f l u x  p e r  c y c l e  
th rough  t h e  r e g e n e r a t o r  - from h e a t e r  to  c o o l e r ,  ( g >  area  t r a n s i t i o n  hea t  
t r a n s f e r  and p ressu re  drop ,  and ( h )  i ns tan taneous  p ressu re  drop  across  t h e  
d i s p l a c e r ,  and v i scous  d i s s i p a t i o n .  C o n t r a c t u a l  l o s s  unders tand ing  e f f o r t s  
a r e  b e i n g  per formed a t  M T I ,  Sunpower, t h e  U n i v e r s i t y  of Minnesota (two 
g r a n t s ) ,  Case Western Reserve U n i v e r s i t y  i n  C leve land,  Ohio,  and Gedeon 
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Assoc ia tes  o f  Athens, Oh io .  
loss unders tand ing  mechanisms i s  g i v e n  i n  R e f .  8. 
CONCLUDING REMARKS 
A more thorough t rea tmen t  o f  the-above ment ioned 
A l though S t i r l i n g  techno logy  i s  an emerging techno logy ,  t h e r e  i s  
cons ide rab le  j u s t i f i e d  i n t e r e s t  as t o  i t s  p o t e n t i a l  candidacy for  space-power 
m iss ions  whether i n  t h e  tens  o f  k i l o w a t t  range or t h e  mul t imegawat t  range.  I n  
l e s s  than 5 years ,  under l i m i t e d  f u n d i n g ,  t he  f r e e - p i s t o n  S t i r l i n g  
accomplishments have been s i g n i f i c a n t .  
25 kW o f  engine power w h i l e  t h e  engine e f f i c i e n c y  was g r e a t e r  t han  22  p e r c e n t  
a t  a tempera ture  r a t i o  o f  2.0. Engine v i b r a t i o n  i s  exceed ing ly  low. The 
i n t e g r a t e d  concept  uses a l i n e a r  a l t e r n a t o r  and p r o v i d e s  a compact power 
convers ion  system. 
power p i s t o n  a t  des ign  c o n d i t i o n s .  
s i n g l e - c y l i n d e r  engines a r e  f e a s i b l e  a t  power l e v e l s  as h i g h  as 500 kW. 
An opposed-p is ton engine has genera ted  
Gas bear ings  were s u c c e s s f u l l y  demonstrated on an engine 
I 
R e s u l t s  o f  a s c a l i n g  s tudy  show t h a t  
There appears t o  be no t e c h n o l o g i c a l  b reak  th rough  needed - o n l y  
v e r i f i c a t i o n  o f  system r e l i a b i l i t y  and l i f e  and t h e  t i m e l y  s o l u t i o n  o f  
e n g i n e e r i n g  problems i n  t h e  areas o f  h i g h  e f f i c i e n c y  l i n e a r  a l t e r n a t o r s ;  gas 
bear ings  for t h e  r e c i p r o c a t i n g  components; heat -p ipe  h e a t e r  heads for  e i t h e r  
n u c l e a r  or s o l a r  powered systems; and v a l i d a t i o n  o f  des ign  and per formance 
codes o v e r  t h e  complete range o f  d e s i r e d  power. 
A 1050 K engine des ign  I s  underway and t h e  des ign  - w i t h  t h e  e x c e p t i o n  o f  
~ 
m a t e r i a l s  s u b s t i t u t i o n  - shou ld  be a p p l i c a b l e  f o r  1300 K a p p l i c a t i o n .  The 
1050 K eng ine  shou ld  be sub jec ted  t o  an endurance t e s t  which w i l l  go a l o n g  
way toward e s t a b l i s h i n g  c r e d i b i l i t y  f o r  S t i r l i n g  space power. 
des ign  and performance p r e d i c t i o n s  a r e  c o n s t a n t l y  b e i n g  upgraded th rough  
fundamental unders tand ing  o f  engine l o s s e s .  
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TABLE I .  - 1050 K STIRLING SPACE E N G I N E  
GOALS AND S P E C I F I C A T I O N S  
End o f  l i f e  power, kWe . . . . . . . . . . .  2 5  
E f f i c i e n c y ,  p e r c e n t  . . . . . . . . . . . .  > 2 5  
L i f e ,  h r  . . . . . . . . . . . . . . . .  60 000 
Hot s i d e  i n t e r f a c e  . . . . . . . . . .  Heat  p i p e  
Hea te r  t e m p e r a t u r e ,  K . . . . . . . . . . .  1050 
C o o l e r  t e m p e r a t u r e ,  K . . . . . . . . . . .  525 
B e a r i n g s  . . . . . . . . . . . . . . . . . .  Gas 
S p e c i f i c  mass, kg/kWe . . . . . . . . . . .  6.0 
Frequency,  Hz . . . . . . . . . . . . . . .  70 
Pressu re ,  MPa . . . . . . . . . . . . . .  15 .0  
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FIGURE 2. - WHY FREE-PISTON STIRLING? 
14 
ORIGINAL PAGE IS 
OF POOR QUALfTY 
0 PISTON HYDRODYNAMIC BEARING 
0 CONVENTIONAL SUPERALLOYS 
0 HEAT P I P E  HEATER 
0 DISPLACER BEARING HYDROSTATIC i 
0 ALTERNATOR MATERIALS SUBSTITUTION 0 525 K LINEAR ALTERNATOR UPGRADE 
0 REGENERATOR MATRIX CONFIGURATION 













25 K W E /  I 
1300 K/650 K 
K 
LERC 0 COMPONENT 
12.5 KW IMPROVEMENTS 
750 K/325 K 0 H I  GH-STRENGTH 
SUPERALLOYS 
e LOSS REDUCTION 
CODE DEV. AND VALIDATION 
DYNAMIC BALANCING 
LOSS SENSIT IV ITY  
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FIGURE 5. - SPACE POWER RESEARCH ENGINE UNDER TEST AT NASA-LERC. 
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FIGURE 6 .  - SPACE POWER RESEARCH ENGINE PERFORM- 
ANCE AT 150 BAR AND TEMPERATURE RATIO OF 2.0. 
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FIGURE 7. - ONE KW FREE-PISTON STIRLING ENGINE POWERED BY THREE 
SOD1 UM HEAT-P I PE MODULES. 
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design. It is the 1300 K free-piston Stirling power conversion system that is the ultimate goal; to be used in 
conjunction with the SP-100 reactor. The approach to this goal is in three temperature steps. However, this 
paper concentrates on the first two phases of this program-the 650 K SPDE and the 1050 K SSE. 
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